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Advances in imaging techniques over the past 15
years have had a significant impact on treatment and
management of various skull base lesions. Thin-section
CT provides detail of bony anatomy, whereas MR imag-
ing provides tissue characterization of skull base pathol-
ogy and visualization of the adjacent soft tissues. CT and
MR imaging should thus be considered complementary
modalities in the evaluation of abnormalities in the base
of the skull.
When planning treatment, physicians rely on both
modalities, as MR imaging and CT provide different in-
formation, all of which may be useful for proper manage-
ment. As a result, physicians who treat skull base tumors
must mentally integrate information provided by the nu-
merous CT and MR slices in order to reconstruct an
informationally complete three-dimensional (3D) model
of the patient. This multimodality integration is an ex-
tremely complex cognitive task made even more difficult
because the number of slices required to cover the region
of interest with thin-section images frequently exceeds
100 for each modality. In addition, the slices from the two
modalities are not guaranteed to be parallel or to corre-
spond to each other. A system that could provide both
registration and visualization of the CT and MR imaging
in a single format would be a useful tool for physicians
who treat patients with skull base pathology.
Such a tool has recently been developed at our insti-
tution.' The system allows interactively controlled rota-
tion and translation of one modality relative to another
and provides a number of 3D visualizations that permit
fusion of both CT and MR images on a single format. The
data sets which comprise the two separate studies are
assigned different colors, which allows proper identifica-
tion of each study after they have been superimposed.
The purpose of this paper is to describe this image
fusion technique and to discuss the clinical applications
and potential benefits of this technique for the treatment
of various forms of skull base pathology.
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METHODS AND MATERIALS
Data Transfer
The CT/MR registration process utilizes digital data
obtained from CT and MR imaging. The data may be
transferred directly from CT and MR scanners in a digital
format for eventual fusion. However, if one or both of the
imaging studies have been performed at an outside insti-
tution and the digital data are unavailable, we use a previ-
ously reported technique which allows conversion of the
analog film data into digital data.",2 These digitized data




The process used for CT/MR fusion requires both
hardware and software. The hardware employed in our
fusion process consists of an SGI (Silicon Graphics)
Onyx with 4 1OOMHz R4400s and a Reality Engine with
two raster Boards.
Software
The software used for the CT/MR image fusion was
developed at our institution and will be termed "FUSION
tool."' FUSION tool uses a 3D data set with a field of
view of approximately 200, with an aspect ratio of 1:1 that
runs on the SGI system previously described. This tool is
comprised of a unique combination of a 3D volume ren-
dering technique and a "slice view" option which aid in
the registration of the data sets.
The volume rendering component of FUSION tool
allows for simultaneous projection of the 3D data sets of
both CT and MR studies. The data sets are blended with
color labeling, which allows the user to distinguish the
separate studies. The color labeling is arbitrary and de-
pends on user preference. Because CT permits excellent
visualization of bone, we view the CT data set using a
standard gray scale which is windowed for optimal visu-
alization of bone detail. We assign the MR imaging data
set a light red color which permits clear visualization of
the both normal anatomy and pathology. The volume
rendering component also permits real-time variation of
viewpoint, thereby making FUSION tool highly inter-
active. Manipulations of either data set are accomplished
with the use of a mouse.
The slice view component of FUSION tool allows
viewing of any arbitrary sampling plane through either
the CT or MR volume data sets and is set to 100 cm from
the eye point. In the slice view, the sampling plane re-
mains perpendicular to the line of sight, but it may be
offset from the initial view distance in any direction along
142 the line of sight. As the volumetric data sets are manipu-
lated, the intersections with the sampling plane are blended
to produce a superimposed display. The slice view per-
mits a "cut plane" view through any desired projection
and position of either the individual or combined data
sets, thereby permitting evaluation of various oblique
projections which are not otherwise routinely available by
other imaging techniques. Complete 900 orthogonal rota-
tions of the viewed volume, as well as scaling are avail-
able through push buttons. Arbitrary translations, rota-
tions, and scalings are available through mouse control.
The registration process itself involves individual
manipulations of data sets in real time. Registration is
achieved by performing in-plane rotations and transla-
tions in each of three orthogonal views. Initially, a coarse
registration of the studies is performed by superimposing
the two data sets using the 3D volume projections. How-
ever, most of the registration process is carried out in the
2D slice view, as this view permits visualization of the
superimposed data sets. The individual data sets are easily
identified because of different color assignments which
were previously consigned to each volume of data. Proper
alignment is performed by manipulation of the individual
data sets separately (Figs. 1, 2). As scanning resolution is
typically best in the transverse planes, the user often does
the initial registration approximation in transverse projec-
tion. The user then switches to an orthogonal view, typ-
ically sagittal, and updates the registration. Next, the user
moves to the third orthogonal view and again updates the
registration. Though the user is not constrained to work
in the standard view directions of transverse, coronal, and
sagittal, these are the most commonly used views because
they are familiar to most physicians. While it is possible
to apply any rotation, scaling, or translation in any of the
views, as a rule we limit ourselves to in-plane transforma-
tions for the slice view, as this optimizes registration
efficiency.
Image scaling is determined at the time of scanning.
Although at times we allow for scaling along object axes
during the time of image registration, we attempt to mini-
mize such manipulation because it is felt to be an indica-
tion of error in preparation of the 3D data.
Final image registration is based on proper anatomic
alignment of the CT and MR images. (Fig. 3) The MR
sequence most commonly used for image registration is
the noncontrast enhanced Tl-weighted sequence. Using
this sequence, some bony components of the skull base
are of high-signal fatty marrow surrounded by a rim of
decreased signal, indicative of cortical bone. Using FU-
SION tool, we are able to register images in a variety of
imaging planes. Optimal registration is obtained when CT
and MR are obtained in the same plane rather than in
orthogonal planes (that is, one axial and one coronal
plane).
The exact anatomic regions that are assessed for
final alignment depend on location of the lesion. For
instance, areas that are specifically evaluated for lesions
involving the petrous apex and internal auditory canal
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Figure 1. A: Axial CT visualized
at bone window settings demonstrates
lytic lesion with well-defined margins
in left petrous apex (M). Note extent of
bone erosion involving cortex of the
posterior petrous portion of the tem-
poral bone (curved arrow) and bony
covering (straight arrows) of the pe-
trous segment of the internal carotid
artery (C). B: Axial Ti-weighted non-
contrast-enhanced MR imaging per-
formed in same patient shows a high
signal intensity mass located within
the left petrous apex (curved arrow)
which is characteristic of a cholesterol
granuloma. Note relationship of the
mass to the basilar artery (straight ar-
row). There is excellent visualization
of the soft tissues of the brain and masti-
cator spaces (M); however, the relation-
ship of the mass to the carotid artery
(c) and the extent of bone erosion is bet-
ter seen on CT than on MR imaging.
include the clivus, petrous bone, basilar artery, and the
relationship of the bony portion of the internal auditory
canal seen on CT with the seventh to eighth cranial nerve
complex as seen on MR. These relationships are evalu-
ated in the axial, coronal, and sagittal planes to ensure the
highest degree of accuracy.
RESU LTS
The ability to visualize the CT and MR images on a
single format has many potential advantages helpful to
the skull base surgeon and the radiation oncologist. Be-
cause CT has excellent visualization of bone and MR
imaging has superior visualization of soft tissue, CT/MR
fusion provides the surgeon with a better understanding of
the relationship of lesions to various bony and neuro-
vascular structures situated within the skull base. Specifi-
cally, our skull base surgeons feel that CT/MR fusion
provides an improved awareness of the relationship of the
skull bases to the carotid artery, cavernous sinus, sigmoid
sinus, and posterior fossa (Figs. 3, 4).
DISCUSSION
The use of multimodality imaging for radiation treat-
ment planning of skull base lesions is just beginning.
Multimodality image registration has been used to deter-
mine the amount of gross tumor present to make the
radiation fields more accurate, and, currently, it is rou-
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Figure 2. The volumetric data from figures 1 A and 1 B are transferred to FUSION tool for image registration.
The current figure illustrates the manual process performed for multimodality image registration. Multiple slice
view projections are presented in the axial plane. The CT data are displayed in white and the MR imaging data in
grey. (A) Note the malalignment of the lytic lesion present on CT (curved arrow) with the high-signal abnormality
present on MR imaging (straight arrow). Also note the offset of the sphenoid sinuses on CT and MR imaging (s).
These structures should normally overlay. The data sets are individually manipulated in various patterns (B,C) to
improve their anatomic alignment. Image D represents the final alignment. Notice excellent CT and MR imaging
alignment of the mass (arrow) and the sphenoid sinus (s) as compared to A through C. This data manipulation is also
performed in coronal and sagittal slice view projections before a final registration is achieved.
tumors at our institution. However, another important use
of multimodality image registration has also emerged.
Image registration allows us to superimpose a postopera-
tive CT or MRI on a preoperative study (either CT or
MRI). The ability to perform such a registration, which
combines images obtained from different stages of treat-
ment, helps ensure that the tumor resection margins are
more accurately identified prior to initiation of radiation
treatment.
Many systems for image registration have now been
developed. The most commonly used method of image
registration is through the use of an external fiduciary
system. This method (which cannot work if it is not
known in advance that image registration will be needed)
calls for placing immovable markers into the patient be-
fore he or she undergoes imaging. The great strength of
this method is its lack of ambiguity; the fiducials can be
recognized and serve as landmarks for manual or auto-
matic image registration. Unfortunately the fiducial mark-
ing technique is of little clinical value because by the time
patients are diagnosed as having cancer (and referred for
radiation therapy) most of the diagnostic imaging work-
up is completed, and scans will have been done without
fiducial marks. The only way to use fiducials would then
be to rescan the patient, which is costly and not practical.
Even rescanning the patient might not suffice, as many
patients may have undergone cytoreductive surgery or
chemotherapy before reaching radiation therapy, and a
post-treatment scan will no longer show the tumor. In
144 addition, registration on fiducial marks only guarantees
that the external landmarks will be properly aligned; it
says nothing about internal anatomy.4
A registration system based on internal anatomy can
be done on point pairs.5 A more flexible approach is to
match on structures such as curves, planes, or surfaces.
The technique of Pelizzari and Chen is the best known
example of this approach.6 In this semi-automatic tech-
nique specific anatomic structures identifiable on both
modalities are manually identified. From this initial iden-
tification, a computer performs the best mathematical
match based on these identified landmarks between the
two imaging studies. Because several structures may be
used for registration, a certain amount of judgment is
needed to be sure the system does not get caught in local
minima. The Pelizzari and Chen approach appears to be
accurate for basing the registration on immobile anatomic
structures such as the bony calvarium, thereby allowing
adequate registration of brain images. The method is
hindered when the registration is based on mobile ana-
tomic structures such as the muscles of mastication and
the mandibular condyle. These structures must be in-
cluded when registration of the skull base is performed.
FUSION tool has several advantages over the cur-
rently available registration techniques. This method can
be performed without the use of a stereotactic frame fixed
to the patient's head. This frame-based method of regis-
tration is cumbersome and uncomfortable for the patient.
Because the frame must be used for both CT and MR
imaging, both studies must be performed on the same day
and at the same institution with prior knowledge of the
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Figure 3. Final CT/MR fusion of the patient presented
in Figure 1. CT data are presented in white and MR imaging
study is displayed in grey. Coregistered study provides tissue
characterization of the cholesterol granuloma (G) and excel-
lent soft tissue detail present on the MR imaging study (M =
masticator space, large curved arrow = basilar artery), along
with information regarding the location of the petrous por-
tion of the internal carotid artery (c) and the amount and the
extent of the bone erosion present on CT (straight arrow =
erosion of bone surrounding the carotid canal, small curved
arrow = erosion of the posterior wa of the petrous portion of
the temporal bone).
need for registration. Because our tool does not require
such a frame, the studies can be performed at the patient's
convenience and without discomfort. Additionally, the
studies do not have to be performed at the same institu-
tion, as we are able to convert analog data available on
film into a digital form which is usable by our registration
system.
The registration process is relatively simple and can
be performed in a short time. The CT/MR fusion is per-
formed by both a head and neck radiologist and a com-
puter programmer, both of whom are experienced in this
visualization technique. In most cases, a satisfactory reg-
istration can be achieved within 5 to 15 minutes with no
preprocessing. The amount of time needed for registration
depends on the location of the primary lesion and the
experience of the individual performing the registration.
Unlike other systems, FUSION tool is a completely
interactive system. Manipulations of the 3D CT and MR
imaging data sets are performed in real time with the use
of a mouse. The movable sampling planes also allow
users to make registration adjustments based on the most
pertinent portion of the data.
The topic of accuracy is controversial and, in our
Figure 4. CT/MR image fusion of a vestibular schwan-
noma shows an enhancing mass located within the internal
auditory canal (M) with enlargement of the porous acous-
ticus (curved arrows). Note that the lateral aspect of the
schwannoma is proximal (small arrow) and does not extend
into the fundus of the internal auditor canal (large arrow).
opinion, has yet to be adequately addressed in the litera-
ture. Metrics addressing the comparative significance of
rotational, scaling and translational errors in clinical ap-
plications have not yet been adopted, especially when we
consider that distortion from temporally disparate and
multimodality imaging acquisitions cannot be eliminated.
Thus, the registration accuracy has not been directly mea-
sured and can only be estimated for our FUSION tool.
Our registrations seek to minimize error in the region of
interest to the attending physician. In the clinical setting,
the physician's judgment is paramount in the assessment
of registration accuracy. We estimate that this process of
CT/MR fusion has an accuracy within 2 to 3 mm at the
target for most cases.
Because this method of fusion is dependent on ana-
tomic alignment, the overall quality is improved by ob-
taining detailed high resolution CT and MR imaging. CT
images of the temporal bone consist of contiguous 1-mm
thick sections in the axial and coronal planes. The slice
thickness of the MR imaging study is typically 3 mm and
is somewhat dependent on the region of interest. Such
thin section imaging provides excellent detail of both the
bony and soft tissue anatomy, thereby permitting a more 145
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precise fit. Additionally, in our experience, the time re-
quired for anatomic registration is reduced if the visu-
alized pathology and surrounding anatomy are enhanced
by initial high-resolution CT and MR imaging studies.
FUSION tool is a multimodality coregistration tech-
nique and can be used to fuse a variety of imaging modal-
ities throughout the body. The current investigation has
described the use of this technique for CT/MR fusion of
skull base. Similar CT/MR fusions have been performed
for intracranial and abdominal studies. FUSION tool has
also been performed to fuse CT with nuclear medicine
studies for the upper aerodigestive tract and the lungs.
In summary, CT/MR fusion of skull base lesions can
be quickly performed using an interactive, 3D volumetric
technique. The ability to visualize CT and MR imaging
studies using a single format provides the surgeon with an
improved understanding of the relationship of the lesion
with respect to various neurovascular structures of the
skull base. This technique is also routinely used by radia-
tion oncologists for the treatment of complex skull base
malignancies.
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